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A METHOD FOR COMPUTING LEADING-EDGE LOADS

By RICHARDV. RHODE and HDNEY A. PEARSON

SUMMARY I INTRODUCTION

In thti report a formulu ti developed thui enabkx the Recent failures of the leading+lge structures of
ckkrminution of the proper design loadfor t?wportion of some airplanes at high angles of attack and in nose
thewingforward of tbjrd spar. Theformula ti in&r- (lives have indicated the necessity for a rewisionof the
ently rcdional in cumxpt, as ii takes inio account the specitioationa for the dwign of the leading edge of the
mostirnport.mdvaaiu.bkxthd a$ed the Lxzding-edge load, wing. (See @gs. 1 and 2.) While the pmaent Army and
al-thoughtheoreti.cairigor ?im beensacnjicedjor simplidy Navy design rubs (references 1 and 2] furnish a ftily
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and ease oj applicdon. 6’ome empiriud corredkns,
bawl on pressure didribuiion meuw.remerds on tb
“P W-9)’ and “M+” airplanes, have been introducedto
provia%properly jor biplunw.

R& jrorn thejormuhz oheck experimental vcdueein
a variety of cases &h good a.ceuraq in the crdical load-
ing conditions. Tlwwe ojthe nwthodjor des@pwposes
is therejorejd to bejustij.ed and h recommended.

good criterion for the strength of the leading-edge struc-
ture in the high angle of attack condition, the entirely
arbitrary provision for the nose-dive condition is
inadequate in many cases. The Aeronautics Branch of
theDepartznent of Commerce has no rule for either we.

The National Advisory C?ommiti%efor Aeronautics
is now in a favorable position to study problems of this
nature, making use of pressure-distrubution data from
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flight teatsand from tests at high Reynolds Numbem in
the variablwhmsity wind tunnel which have been accu-
mulated over a period of years.

It is, therefore, the purpose of this paper to develop
and to premnt a more satidactmy rule for the practical
determination of leading-edge design loads than has
heretofore existed.

The development of the formula involves, baaic~y,
theoretical cotiderations set forth in reference 3,
although, in keeping with the interests of the practical
designer, liberties have been taken with the rigorous
theory to simplify the result as much as possible con-
sistent with reasonable accuracy. Also, although the
formula gives fti results for any condition of flight,

DERIVATION OF THE FORMULA

In reference 3, Theodorsen shows that the total load
on a wing section may be considered as the sum of a
“basic” load, which is a function only of the shape of
the mean camber line, and an additional load, which is
a function of the angle of attack measured with respect
to the “ideal” angle at which the basic load occurs end,
to a minor extent, a function of the nose curvature.
He shows, further, that- the distribution of the basic
load is a function of the mean camber, and that the dis-
tribution of the additional load is the same for any air-
foil except for a narrow region near the leading edge
where it becomes dependent upon the radius of the nose.

Figure 3 illustrates these points.

FmmE 2—Rdt ofIeadfm+dgefdlum Afrenterfmattbeemnfngofthemm bursttbefebrfo

it has been adjusted to give the best accuracy in the
critical loadkqg conditions.

The principal result sought has been the value of the
shear at the forward face of the front spar. Thus, the
formula is developed to obtain this result and does not
include provisions for the rational determination of the
moment. An examination of pressure diagrams, how-
ever, indicates that the centroid of the diagm area
forward of the tint spar, whatever the spar location,
is confined within fairly narrow limits in terms of per-
centage of spar distance horn the leading edge for all
airfoils. Empirical rules for the location of the center
of gravity of the leading-edge load are, therefore,
derived from which a static test maybe devised to give
a reasonably correct value of the moment as well as the
shear at the critical section.

Neglecting the minor variations at the nose, we may
write, with only small error, for the whole wing section.

C.= C. +K (a– a,) (1)

where, C~total load coefficient
C-basic load coefficient at CY1
KJxmstant additional load per radian
a-nominal or geometic angle of attack

(radians)
aj-ideal angle of attack

For the present purpose it is of interest to examine the
portion of the load forward of the front spar location,
which is usually anywhere from% to 15 per cent of the
chord. Equation (1) may be mod.i.fledas follows:

U3=k (7B+K’ (a– a.) (2)
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where, C! is the load coefficient forward of front spar ar”= 6.23 (vi–%) +0.47 (y~-y~)
face and k and K’ are appropriate constants.

Equation (2) is in such a form that the leading-edge where Y1,y~, YZ,and V5are the ordinates of the mean
load k given as a fraction of the total load on the sec- camber line, as fractions of the chord, with respect
tion. The uso of the function (a– ar) restricts the to a line joining the extremities of the mean camber

Difference co.sed -Li
byrod;u~ ofnoee -’-~

L%

~13UBE3.—~ dkhibatfonaboveend belowtbe “ldml” angleof attack

application of the formula ta two-dimensional flow, and,
for a practical case, the induced angle of attack at
would have to be determined and subtracted from a.
Further, az would have to be determined from the
Gauss solution of Theodorsen’s expression, viz:

line, at stations x,=0.00542 c, a= 0.125c, x4= 0.874
C, and X6= 0.995 C.

The formula may be simplified and its use facilitated
by the substitution of a function of CMfor (a– a:).
Referring to Figure 4,
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c.– c.
(a–al)=~

Aa
AcNwhere, — = 5.5.Aa

Substituting in equ@ion (2), the following expression
is obtained:

“’=’C”+X’(%9 (3)

At this point it is necessary ta determine k, e=, and
K’. It has been pointed out that the distribution of
the additional load which mises as a result of any depar-
ture from aI is constant. The value of K’, therefore,
depends only upon the spar location, and graphical
integration of the additional load-curve area forward of

value of a— q is also large. The argument does not
apply to airfoils with very low camber near zero lift,
but in such cases the total loads are small apd of little
interest. It is, therefore, assumed, for the sake of sim-
plicity, that the value of C* is a function only of the
general shape of the median line and of the maximum
mean camber (measured always with respect to the ‘
chord of the mean camber line), and that the value of
k, which is the portion of the basic load forward of the
spar, is a function only of spar location for airfoils of the
same genarrd shape. To obtain worl@g values of U’
and k, curves have been drawn through theoretically
derived values for several airfoils of conventional and .
reflex form with various cambers and, in the caae of k,
for several spar locations.

, I
o u—

FTowm4.—R8lauonbetweenCMandCB

any particular front spar face yields the desired result.
C.. is a function of the mean camber line and varies
from zero for symmetrical sections to finite positive
quantities for cambered airfoils. It maybe considered
negative for inverted sections. While its value may be
determined precisely only by means of pressure meas-
urements at the ideal angle of attack or by Theodor-
sen’s expression, an approximation is suilicient for the
present purpose. It maybe said here, in justi.lication

,
of this step, that the ideal angle of attack is the angle
at which the flow entem the leading edge smoothly,
corresponding to the Kutta condition for smooth flow
at the tmiling edge. The basic load on the forward
portion of the section is therefore small compared to
the additional load imposed when the airfoil is at the
angle of attack of maximum lift, one of the critical
loading conditions for the leading edge. The same
argument applies for the other critical condition, that
of nose dive, in which, for commonly used airfoils, the
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Before the formula is put in its iinal form, the normal
discrepancy between theoretical and experimental re-
sults must be taken into account. This discrepancy
ariseslacgely as a resuIt of skin friction and is evidenced
by progressively increasing pressure 10SSWaa the trail-
ing edge is approached. The effect is, therefore, to
shift the line of action of the experimented totaI load
forward of that for the theoretical load, which results
in an increase in ‘the values of k and K’. The multi-
plying factor for k and K’ was found, by a method of
averages, to be 1.17.

The formula may now be written

cs=117@-%)c”+ 1175YN ‘4)
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The result is further condensed to

0s= (– K,C~+ K,G) (5)

which is the final and useful form, giving what maybe
termed the “leading-edge shear coefficient, ” or the
lead.hg-edge load per unit chord, per unit span, per
unit q. From this, substituting CL for CN, the imtrd
load per unit span is

Wl,,. = Csgpv=c
= (– K, C,+ K,CL)CX ~pv’)

where c, p,and V have their usual significance.
Curves for KI and Kz xi functions of spar location

aregiven in Figures 5 and 6, respectively, and curves of
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U= againstmasimummeancamber aregiven in Figure 7.
Figure 8 is included merely to show the manner in
which y.,= is measured.

COMPARISON OF RESULTS FROM FORMULA AND
FROM PRESSURE-DISTRIBUTION TESTS

I’or the purpose of checking the validity of the for-
mula by comparison with pressure-distribution dia-
grams, only those diagrams which were obtained from
the variable-density wind tunnel at high Reynolds
Numbers (reference 4) and from flight tests are used.
Whilo n vast quanti@ of pressuredistribution data
from other sources is available, they have shown such

“ inconsistency among themselves and with variable-
density wind tunnel and flight results that it is
believed advisable to avoid confusion, and possibly

misleading conclusio~, by the elimination of them
from consideration altogether. . .

A comparison of the calculated shear coefficients 0s
with experimental values obtained from tests on mono-
plane airfoils in the variabledensity tunnel is given in
Table I. It will be noted that the agreement is good at
high angles of attack for the variety of airfoils and spar
locations given, the maximum d.iflerenoebeing 12.9 per
cent in the case of the N. A. C. A. 84-J airfoil with spar
location at 20 per cent chord.

At lift coeflicienti of zero or slightly below, represent-
ing the nose-dive condition, the agreement is quiti good
at all spar locations for the R. A. 1’.30 and N. A. C. A.
84 airfoils. Larger errors, however, are apparent for
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the M-6, Clark Y, and 84-J. There are several rea-
sons for this apparent decrease in accuracy. First,
differential normal pressures are less at the nose near
zero lift than at maximum lift when the air speed is
maintained constant. This condition results in larger
percentage experimental errom at the low angles of
attack, since small pressures are more dii%cultto meas-
ure with accuraoy than large pressures. Second, the
peoulkr shape of the pressure diagram for lift coef6-
cients near zero is of it9elf a cause for greatar experi-
mental error. Slight inaccuracies in locating pressure
ofices result in large percentage errors in the leading-
edge shear coefficient since the pressure gradient along
the chord near normal fronkpar locations is extremdy
steep. This source of error is an important considera-
tion when us@ test data from small models. In
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addition, since the leadingdge part of the pressure
diagram ia roughly a narrow triangle in shape (see fig.
3), much depends upon the proper location of ofices
and upon accurate measurement at a pressure station
near the apex of the “triangle.” Such causes as the
above could easily explain most of the apparent 20 per
cent error in the results on the Clark Y.

In the case of the M-6 another source of error existi.
Because this airfoil has such a low camber, the value of
a— ar is and near zero tit; thus the basic load, which
in the formula is only approximated, largely predomi-
nates. h fact, it may be expected that, as a– ar

approaches such a value that the difference between
the “basic” pressures and the “additional” pressures
near the nose approach zero, percentage errors will
become ir.dinitelygreat. These errors, however, have
no practical aigniticsnce. It is to be noted, in this con-
nection, that the nose-dive shear coefficients for the
M-6 are quite small compared with those for the other
airfoils, excepting the symmetrical R. A. F. 30 section.

The greatest errors occur in the case of the N. A. C.
A. 844 airfoil slightly below zero lift. Pressure dia-
grams for this condition, showing definitdy that the
lower surface has stalled, indicate that these errors are
almost entirely a result of the abnormal shape, or mean
camber, of the section. It will be noted that the error
is ahnost entirely eliminated if the concavi~ in the
lower surface is removed to prevent this stabg; e. g.,
it will be noted that the error is small in the case of the
N. A. C. A. 84, which is simply ‘the 64-J with the con-
cave lower surface replaced by a flat lower surface.

In view of the above discwsion, the accuracy of the
results obtained with the formula applied to mono-
planes is considered reasonably good. It is to be
doubted that better resuh%could have been obtained
without greater precision in test measurement md
appreciably greater complications in the method or
formula.

In Table II results obtained with the formula are
compared with experimental results obtained in fhght
on the M%3 and PW--9 airpkmss having the Clark Y
and G6ttingen 436 sections, respectively. The test
data represented in this table are of an appreciably
higher order of accuracy than those in Table I, having
been recently obtained after improvements in test
methods were effected. The m@mum error on the
Clark Yin this table is – 11 per cent, au amount which
is not greater than might be expected as a result of the
biplane arrangement. The upper wing in this case is
alone represented.

The error on the upper wing of the %’W-9 airplane is
about the same in magnitude and of the same sign as
the error on the Lt# upper wing in the high angle of
attack condition. h the nose-dive condition on the
PW+ lower wing, however, the error is consistently
high, averaging about 30 per cent, wide on the”upper
wing in this condition the error is negligible.

COMMITTEE FOR AERONAUTICS

EFFEGI? OF BIPLANE ARRANGEMENT

No attempt is made here to include rationally the
eflects of superposed wings as in biplane combinations,
The character of these effects should, however, be
underatcod and some provision made for them in the
design.

One airfoil mounted beneath another airfoil may be
considered to have two eflecta on the latter. First, by
virtue of its dowmvssh at positive values of lift, the
lower wing causes the upper wing to operate at an
effective angle of attack which is smaller than that at
which it would operate as a monoplane. This
dlect does not influence appreciably the shape of the
pressure diagram. Second, by virtue of the camber
of the upper surface of the lower wing, the strerunline9
are curved even at an appreciable distance from the
wing, a phenomenon which rcmdts in a decrease in the
effective camber of the upper wing. This effect causes
a small forward shift of the center of pressureon the up-
per wing at high angles of attack and an increase in the
leading-edge load. Thus, it is to be expected that the
formula for leading-edge loads will give low values for
the upper wing at high angles of attack. On the ill-$
and PW9 airplanes (Table H) the result is 11 per cimt
too low. Most of this error, however, may be experi-
mental error and error from the formula. In view of
this and the reasonably small magnitude of the error,
it is not considered necessary nor advisable to make any
correction for the upper wing at high angles of attack.

The effect of the upper wing on the lower is Iikewise
small at the high angles of attack.

At or near zero lift the effect of the curvature of the
strewnlines appeara to be small on the upper wings of
both the M-3 and PW+. On the F’W-9 lower wing,
however, the effect appears to be quite pronounced, as
has been preciously shown. A number of careful
tests near zero lift on this airplane all bear out the fact
that the shear coefficient on the lower wing is about
30 per cent greater than that on the upper wing or that
obtained from the formula. It is interesting to recall,
in this comection, that the leading-edge failure on a
recently built diving bomber occurred on the lower
wing in a dive. (Figs. 1 and 2.) This evidence, with
the results of the PW–9 tests,indicates that the
requirements for the lower wing of a biplane in the
nosedive condition should be increased over those
for the upper wing or the monoplane. On the basis of
the PW4 tests,it is suggested that this increase should
be 30 per cent in some cases. Since the effect is prob-
ably caused by an induced change in camber resulting
from curved air flow, it is more logical to include the
effect in the formda by incre88iug the value of OB

rather than by increasirqgthe final resuIt arbitrarily by
30 per cent. From the PW+ testsitappears that the
value of CB should be increased 40 per cent for the
biplane lower wing in the nose-dive condition. This
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correction is recommended for general use until more
information is available.

USE OF THE FORMULA

In any design, the strength of the leading edge should
be investigated for the two critical conditions, (a) high
angle of attack, and (b) nosedive. Experience, as well
as analysis, has shown that no other condition need be
considered and that in some cases, such as designs
making use of symmetrical or nearly symmetrical air-
foils and desigg of large airplanesthat arenever dived,
the high angle of attack condition only is of interest.
To make use of the formula for these conditions, the
leading-edge shear coefficient C~, and the dynamic
pressure~ PV~must be lmown. 0s, ashas been shown,
is a function of the shape of the airfoil and of the value
of CM correspond@ to the condition being inves-
tigated. In a given design, with the airfoil and spm
locations known, the constants ~1, Ks, and a= are
readily detamined from the curves given in Figures
5, 6, and 7. It is necessary to determine the values
of ONand ~PVz that will make the strength of the
leading edge consistent with the strength of the rest of
the.wing structure. This may be done as follows:

Case I—High angle of attaok,—The primary wing
structure is designed to fail in a condition correspond-
ing to maximum CMwith a certain spectied load factor.
I?rom the general lift equation, this is equivalent to
saying,

nw= CM-8X ~ POV:
where, nW—the load at failure

n-high angle of attack load factor
W—weight
S—wing area
p~tandard sea-level densi~

V~the indicated speed at which, with CM=,
the equation is satisfied

This speed Vi is the speed to use in the leading-edge
formula for the high angle of attack condition, and
~NW the proper value of C~. It is not essential that
~X?mxbe determined with great precision, aa any errors
introdumd in the shear coefficient will be approxi-
mately compensated by errors of opposite sense in
Vi’, with a resultant small error in the total leading-
edge load. A representative problem, using the Clark
Y airfoil, has indicated that CM= maybe in error by
as much as 25 per cent and cause only a 5 per cent
error in the total leading-edge load.

In the case of biplanea, proper account should be
taken of the relative wirig-loading ratio. The above
discussion of Uxux applkwstrictly only to monoplane.
It applies to biplanes when CM-is considered as that
for the cellule md is used to determine V?. The mean
lift coeilicient for the biplane cellule should not be used
in the formula to determine the leading-edge load for
either upper or lower wings without correcting for the
relative wing-loading ratio. This may be done by

neans of the following simple expressions, the wing-
oading ratio beimg assumed known:

Lu+L, =Wn
m,

Lti=Wn-~
Where,Lti-lift on upper wing

Lrlift on lower wing
W—gross weight
n-H. A. A. load factor

Nso,
C! (upper) -~ux ~= Wn–L1 S,

Lz xx
‘-ON (lower) & &

3olve the above equation for L1. Then,

c. (lo-m=)=**

md CM(upper)= R X CM~ower) where V? is the value
Found US@ the celhde ON- and the ~~h angle of
]ttack load factor.

As in the case of the monoplane, the biplanewing
lift coefficients found by the above method may not be
true values, since they depend on V?, which itself has
been found from an approximate cellule C’-. How-
sver, this makes no practical Werence, any errors
resultingin the shear coefficient being compensated by
an error of opposite sense in V: to give a substantially
correct leading-edge design load.

The above biplane correction has noth@ to do with
the biplane corrections to the shear coefhient discussed
in the preceding sections and is used merely to deter-
fie the proper values of CMfor the individual wings.

Corrections to allow for the variation of CMalong the
span me not believed to be advisable in vie-iv of the
added complication which would be involved.

Case 11-Rose dive,-In the nose-dive condition,
the terminal velocity or the limited diving speed should
be determined. The value of CI?may be found by a
solution of the conditions of static equilibrium for the
case under consideration. It is suggested that, for the
terminal-veloci~ dive, allowance be made for the possi-
bility of encountering .wts and for slight inadvertent
motions of the controls which may result in negative
lift coefficients. This provision is important because
the variation of leading-edge load with angle of attack
near zero lift is extremely rapid, the load increthg
greatly with small negative increments of lift coeili-
cient. So little is lmown about atmospheric conditions
that it is d.iilicult to establish a criterion for the de-
termination of the proper negative lift coefEcients on
the basis of gusts. An examination of pilo~balloon
data taken at Langley Field over a period of three
months indicates that variations in horizontal wind
velocities may be asa~ed as 15 feet per second, which
would result in negative lift coefficients of from —0.15
to – 0.26 in the average case, depending on the termi-
nal velocity. Other evidence exists which indicates
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that a value of 15 feet per second is not too ccmaerva-
tive. In addition to tie possibilities of encountering
.mts, there is also the fact that wings twist in dives
uuder the heavy torsional moments experienced with
the common wing sections. This influence may,result
in negative lift coeilicienta at the ou~r portion of the
wing, even when the total lift coefficient is positive.
Since this effect increases with speed, it is probably
better to assume a constant negative lift coefficient for
all cases instead of one which would vaxy approxi-
mately inversely with the speed if a standard gust
were used as a basis. Until more is known about
mnd.itiona in fie dive, it k felt that a Value of CN
not lem than —0.2 shotid be used in the nose-dive
analysis.

The correction for relative wing-load@ ratio is not
to be used for the nose-dive analysis, but the 40 per
cent increase in (?Bfor the lower wings of biplanes, as
recommended in the preceding section, should not be
forgotten.

TYPICALPROBLEM
Given:

@line __________________ Biplane pursuit
Weight _________________ 2,720 pOlmdS
Area (upper) __________ 184 square feet
Area (lower) ----------- 88 square feet
Area (total) ___________ 272 square feet
Mean chord (upper) ____ 5.76 feet
Mean chord (’lower)---- 4.00 feet

Airfoil: Clark Y
(y_=3.60 per cent; see @g. 6.)

E. A. A. load factor n_______ 12
Spar-face location z-------- 10 per cent chord
Relative wing-load ratio ____ 1.2
Terminal velocity __________ 280 m. p. h. (410

f. p. s.) assumed
12equired:

Shear at spar face on both upper and lower
-in

(a) H. A. A. condition
(b) N. D. condition

Solution:
constants:

K,= 0.223
K,= 0.367
C. -0.525

High angle of attack condition:
C~(cellule) = 1.4 (assumed)

2nWv:=—
1.4spa

2X12X 2,720
= 1.4X272X 0.002378-72,100 (f. p. S.)z

COMMITTEE FOR AERONAUTICS

9,300
= 1.23‘W- ~~,:s, - 86.7X88

and, (?N==1.2X1.23=1.48.

Thus, for the uppr wing:

m... = (‘KICB +K2CV) ~ vt2cu

= (–0.223X 0.525+0.367x 1.48)0“00;378

X 72,1OOX5.75

=210 pounds per foot span, or
210

0.1x 5.75
=365 pounds per square foot average.

For the lower wing:

wL.,.= (–0.223 X 0.525 +0.367x 1.23) 0“00~78

X72,1OOX4
. =118 pounds per foot span, or .

~ =295 pounds per square foot average.

The preceding values are the total dz.signloads.
Nose dive kndition:

K,= 0.223

1
KS= 0.367 asbefore
CD= 0.525

ON= = – 0.200
Cwt= – 0.2001.

assumed for N. D.

C. (corrected for lower wing) = 1.4X0.525-0.735
Thus, for the upper wing:

WM = (– 0.223X 0.525–0.367X 0.200)0“00;378

x (410)~x-5.75
=219 pounds per foot span.

For the lower wing:

WI..= (–0.223 X 0.735– 0.367 X’O.200) ‘~~s

x (410)~x4
= 190 pounds per foot span.

The above values are the total applied loads. The
ksign load is obtained by multiplying by a factor of
wfety, say 2, which gives a result of 438 pounds per
Footfor the upper wing and 380 pounds per foot for the
lower wing.

It wiUbe noted that it was not necessary to mtitiply
thehigh angbof-attack results by two, since the factor
~f safety was taken into account by using the dwign
load factor in the detefi:ation of Vt2. Tho same
resultwould have been obtained by calculating Vi’ on
the basis of the expected maximum applied load factor
m n/2 (ii this case, 6) and multiplying the final result
by the factor of safety, 2.

APPLICATION IN STATIC TESTS

It is desirable, in static tits of the leading edge, to
He a rectangular load distribution. Such a distribu-
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tion is permissible if the stressesimposed at the critical
section in tl.ightcan be well represented ti this way. If
the rectangular load distribution is to be used, the
moment at the critical section (always the forward face
of the spar) must, in addition to the shear, be approxi-
mately correct.

No attempt has been made here to rationalize the
determination of the moment of the leading-edge load
about the face of the spar, since an empirical solution
is believed to be within the limits of precision of prac-
tical static tests. It has been found, from an examina-
tion of a large number of pressure diagrams, that the
location of the centroid of the part of the area forwwrd
of the front spar is, on the average, at 46 per cent of the
spar location (0.46 z) in the high mgle of attack condi-
tion, and at 35 per cent (0.35 z) in the nose-dive
condition. The relative position varies slightly with
different spar locations and with different airfoils, but
within the usual range the variation amounts to not
more than three-fourths of 1 per cent of the total chord
or only a small fraction of an inch for the ordinary
airplane.

Static tests may, therefore, be made using a rec-
tangular load distribution, the center of gravity of the
ioad being at,

0.45 x for E. A. A.
0.35 x for N. D.

LANGLEY MWORLU AERONA~CAL LABORATORY,

NATIONAL ADTWORY Courrra II FOR AERONAUTICS,

LANGLEY FmLDj VA., Januaqt 16, 1931.
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